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TECHNICAL NOTE 2975

STRUCTURAL EFFICIENCIES OF VARTOUS ALUMINUM, TITANIUM,
AND STEEL ALLOYS AT ELEVATED TEMPERATURES

By George J. Helmerl and Philip J. Hughes

SUMMARY
’

Efficient temperature ranges are indicated for two high-strength
aluminum alloys, two titanium alloys, and three steels for some short-
time compression-loading applications at elevated temperatures. Only
the effects of constant temperatures and short exposure to temperature
are considered, and creep is assumed not to be a factor. The structural-
efficiency analysis is based upon preliminary results of short-time
elevated-temperature compressive stress-strain tests of the materials.
The analysis covers strength under uniaxial compression, elastic stiff-
ness, column buckling, and the buckling of long plates in compression
or in shear.

INTRODUGTION

At supersonic speeds, the effects of aerodynamic heating on the
strength of aircraft or missiles must be teken into account. The behav-
ior of the materials may prove critical either during transient or during
steady heating conditions. The selection of materials having adequate
" gtrength under such conditions and at the same time providing a struc-
ture bhaving minimum weight becomes & primary consideration.

The effects of steady rather than transient heating are considered
herein. An attempt is made to give a general picture of the efficient
temperature ranges for a few high-strength aluminum, titanium, and steel
alloys for some short-time compression-loading applications in which
creep is assumed not to be a factor. The cases covered are strength
under uniaxial compression, elastic stiffness, column buckling, and the
buckling of long pletes in compression or in shear. Some of the mate-
rials included, such as the titanium alloys RC-130A and RC-130B, the
aluminum alloy XA78S-T6, and the steel Stainless W, are relatively new.
The materials cover a wide range of strengths and densities, and the tem-
peratures range up to 600° F for the aluminum alloys, to 1,000° F for the
titanium alloys, and to 1,200° F for the steels. The results are based
upon tests of compression specimens taken from a single sample of each
material and, consequently, should not be considered as necessarily
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representative. Besides the materials previpusly mentioned, those

included are extruded 75S-T6 aluminum alloy (data from ref. 1), the
steel SAE L4340, and the heat-resistant nickel-base alloy Inconel X.
For convenience in making general comparisons, Inconel X is grouped
herein with the steels.

TESTS

In order to make the structural-efficiency comparisons for com-
pression loading, compressive stress-strain tests were made. In these
tests, the material was kept at test temperature approximately 1/2 hour
before the load was slowly applied. The strain rate was maintained at
about 0.002 inch per inch per minute during loading. Autographic stress-
strain curves were obtained. The compressive test results for Young's
modulus end the yield stress (0.2 percent offset) are given in table I
elong with information on the suppliers, heat treatments, and densities
of the materials.

The test results for Young's modulus and the compressive yield
stress are given in figures 1 and 2. In figure 1, the variation of
Young's modulus with temperature T obtained for these materials is

shown. At normael temperatures, the moduli vary from about 10 X lO6 psi
for the aluminum alloys to about 17 X 106 psi for the titanium alloys and
to about 30 X 106 psi for the steels. The moduli for all the materials
reduce with increase of temperature. The results for the new aluminum
alloy XA78S-T6 are essentially the same as for extruded 75S-T6 aluminum
alloy. The heat-resistant alloy Inconel X shows the least effect of
temperature.

Figure 2 shows the variation of the compressive yield stress with
temperature found for these same materials. The strengths range from
about 80 ksi for the aluminum alloys to about 220 ksi for the steels at
normal temperatures. With the exception of Inconel X, a marked decrease
in strength with increase in temperature is evident in all instances.
The aluminum alloys, the titanium alloys, and two of the steels have
lost about half of their normal strength at approximately 400° F, 800° F,
and 850o F, respectively. Inconel X, a good high-temperature material,
shows almost a negligible effect of temperature over the range covered.
The results for the two aluminum alloys are essentially the same. Simi-
larly, there is little difference between the titanium sheet and forging
alloys. Above about 850° F, Inconel X is the strongest material.
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STRUCTURAL EFFICIENCIES

From the results given in figures 1 and 2, together with the use
of the stress-strain curves, various structural-efficiency comparisons
can be made for the different materials. The comparisons which deal with
compression loading are for strength, elastic stiffness, and column-
and plate-buckling epplications.

Strength efficiency.- In figure 3, the materials are compared on a
strength~efficiency basis with the compressive yield stress teken as the
criterion for strength. The stress-density ratio, which is equivalent
to the load-weight ratio for a unit length of member, measures the effi-
clency of the material - the higher this ratio, the more efficient the
material on a strength-weight basis. With the exception of Inconel X,
all the materials are about equally efficient at normal temperatures.
The steels and titanium alloys retain this efficiency much better than
the aluminum alloys as the temperature increases. Stainless W and
SAE 4340 appear to be somewhat more efficient than the titanium alloys
RC-130A and RC-130B from about 300° F to 800° F. Inconel X is the
most efficlent material above about 950° F.

Stiffness efficiency.- In figure 4, the materials are compared on
the basis of elastic-stiffness efficiency. Inasmuch as the elastic stiff-
ness of a material is given by Young's modulus, the stiffness efficiency
is determined from the modulus-density ratio. Although there is a large
spread in the results, the materials all have roughly the same effi-
ciency at normal temperatures. The efficiency for the alumimm alloys,
however, decreases rapidly with increase in temperature. At the higher
temperatures, the steels are the most efficient, Inconel X being the
most efficient material; the titanium alloys are next in order.

Column and plate buckling.- For column buckling and the buckling
of long plates in compression or in shear, the structural efficiency for
a material at a given temperature is found by a somewhat more complicated
method by plotting calculated values of the buckling-stress—density
ratlo against corresponding values of an sppropriate structural index.
The method, which is described in reference 2, is based upon the use of
the stress-strain curves for the material and covers both the elastic
and plastic ranges. Rather than show all these curves for each material
and temperature, comparisons are made over the temperature range only
for a small and a large value of the index for each application.

The comparisons of the materials for columm buckling are shown in
P .cf
figures 5 and 6 for small and large values of the column index cr; .

L
In this index, P,,. is the buckling load, c is the end fixity, f is
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the shape factor, and L is the column length. The efficiency is
given by the stress-density ratio, the stress being the buckling stress
associated with P,.. Figure 5 is for a small value of the index

P..cf

( cr2 = 50 ps%), which corresponds to & small load or long column. The
L

eluminum alloys are the most efficient up to about 300° F; from about

300° F-to 900° F, the titanium alloy RC-130B is the most efficient; at

st111 higher temperatures, Inconel X is the best. Figure 6, for a large

P

value of the index ( cr;f = 200 psi> corresponding to a large load or
L

short column, indicates quite a different comparison. In this case, with

_ the exception of Inconel X, all the materials now have about the same

order of efficlency up to sbout 300° F. From there up to 800° F, the

titanium alloys RC-130A and RC-130B and the steels SAE 4340 and Stain-

less W bhave gbout the same efficiency; above about 950° F, Inconel X

is the most efficient.

The efficiencies qf the materials for plate buckling are compared
in figures 7 and 8 in & similar manner for small and large values of

Puxl/ 2
2

k is the plate-buckling coefficient, and b is the plate width. The
efficiency is again measured by the stress-density ratio, the stress
being the buckling stress. Figure 7 is for a small value of this index

the plate index . In this index, P,,. 1is the buckling load,

2
b
plate buckling, the adventages of the lightweight materials are evident,
the aluminum alloys being the most efficient up to about 4500 P and the
titanium alloys from there up to sbout 1,000° F. Above 1,000° F, Inconel X
is the most efficient. Figure 8, for a large value of the index

1/2
P
(TEEE;__'= L ksi) which corresponds to a small load or wide plate. For

P, 1b/2
= - 8ksi]| corresponding to a large load or narrow plate, shows
be ’

that the same order of efficiency still holds, although the efficient
temperature range for the aluminum alloys is reduced to about 300° F.
Inasmuch as both the efficiency and the index for shear loading are pro-
portional to those for compression loading, the comparisons for plates
loaded in compression also apply to plates loaded in shear (ref. 2).

General comparisons.- The results, which are summarized in fig-
ure 9, indicate in a general way the efficient temperature ranges and
the order of efficiency of the materials for the various comparisons -
compressive strength, elastic stiffness, column buckling, and plate
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buckling. For colums and plates, the letters A and B signify small
and large loads, respectively. In this summary, the most efficient
materlial of each of the classes of alloys is taken as the basis for com-
parisons. For each comparison, three bar graphs are shown: the first
is for the aluminum alloys; the second, for the titanium alloys; and
the third, for the steels. The order of efficiency for each materisl

is indicated by the degree of crosshatching, the highest efficiency
corresponding to the heaviest crosshatching as indicated. The fol-
lowing example 1llustrates the use of the figure. If elastic stiff-
ness at 300° F is under consideration, the third bar i1n the group shows
that a steel is more efficient than a titanium alloy (the second one)
which in turn is more efficient than the aluminum alloys. Without going
into detail in the comparisons, it can be seen that the high-strength
aluminum alloys are as efficient as or more efficient than the titanium
or steel alloys for all spplications except stiffness up to about 300° F.
From sbout 300° F to 950° F, the titanium alloys appear to be superior
for plate buckling and equally or more efficient for column buckling;
these alloys also compare well with steels for compressive strength up
to about 900° F. The steels are the most efficient for elastic stiff-
ness and equally or more efficient for compressive strength over the
entire temperature range; they also are the most efficient above

about 1,000° F for column and plate buckling. "

CONCLUDING REMARKS

The comparisons of two high-strength aluminum alloys, two titanium
alloys, and three steels apply only to some short-time compression-loading
applications under constant-temperature conditions and creep is assumed
not to be a factor. The results, which are preliminary and based upon
a limited number of tests, are subJect to change depending upon the con-
dition and treatment of the materisl. The comparisons are also incom-
plete in that no data are included for some magnesium alloys which at
normal temperatures are very efficient for plate buckling or for
248-T6 aluminum alloy which has definite advantages over 75S-T6 and
XA788~-T6 aluminum alloys for elevated-temperature use. Without con-
sidering the creep aspects, the general indications are, however, that
the aluminum alloys are equally or more efficient for compression-
loading applications for temperatures up to sbout 300° F. From about
300° F to 900° F, the titanium alloys look very promising. At still
ﬁigher temperatures, a good high-temperature heat-resistant alloy is
required to provide a structure having adequate strength and minimum
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weight. The final selection of a material for a particular application
will also ordinarily depend upon many additional considerations.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronsutics,

Langley Field, Va., May 21, 1953.
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DESCRIPTION OF MATERTALS

Uomreﬂﬁive properties and density

at noresl temperatures

Des 1 Reaslvad Additional heat Source of materinl
Hatsrial igpation condition treatmant N e -
Young's modulus, E,|Compressive yleld | Dansity,
psi stress, ksi  [lb/cn in.
Almmimm alloy T58-16 Heat treated by None Amimm Company of 10.5 x 106 78.5 0.10L
axtrusion mamdacturar Amarice
Alimipum alloy shset XATES-TS |Best treated by Nons Alumimm Campany of 10.5 8.5 101
(0.25 inch thick) mamrfacturer Americs. ’ :
Titanimm alloy sheet RC-1304 |Cold rolled and Fone Rem~Cru Titaniim, Inc. 16.2 1k0.8 A7
(0.0684 inch thick) amealed :
Titeniw alloy RC.13CB Arnealed Heated to 1,050° F for| Rem~Cru Titanium, Inc. 1T7.7 i52.5 A7
forging . 1/2 bowr to remove
mechining effects
Stael sheat Stainless W Bolution Praclipitation hard. U, 8. Bteel Corp. 30.2 220.0 .28
{0,06L ineh thiok) annealsd anfng, Heatsdl at ’
1,000° ¥ for 1/ hour
Beat~reaistant nickel-( Inconel X Annasled Aged at 1,300° ¥ for | U. S. Bteel Corp. 32.9 115.0 .50
bese alloy shoet 20 bours and ain
(0.06% inch thick) cooled
Btssl shest 8sE Lxho Armenled Heatad at 1,%25° P for{ Crucibls Stesl Co %0.3 9.0 263
(0.06k inch thick) 10 minutas in con- of Amsrics
trolled atxmosphare;
alr cooled; drewn at
800° ¥ for 1 hour
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Figure 1.- yariation of Young ‘s modulus with temperature .
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Figure 3.- Variation of compressive-yleld-stress - density ratio with
temperature.
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Figure 6.~ Variation of column efficlency with temperature.
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Tigure 7.- Variation of plate efficlency with temperature.
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and column and plaete buckling. The designations A end B refer to small

and large lcads, respectively.

Flgure 9.- Comperison of efflclencles of materials for strength, stiffness,
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